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Available online 28 May 2008AbstractSapphirine is a metamorphic mineral that forms in the deep crust in rocks with distinctive bulk compositions, in particular high
concentrations of Mg and Al. This study investigates a thin, discontinuous layer of sapphirine-bearing garnet-orthopyroxene (SGO)
granulite within a Palaeoproterozoic mafic granulite together with metamorphosed mafic and ultramafic rocks, micaceous rocks rich
in magnetite and pyrite, and marble. All of these rocks occur within a low-strain zone in the Lewisian complex of South Harris, NW
Scotland. Data on mineral compositions and major, trace, and rare earth element (REE) patterns provide evidence for the origin of the
precursor of the SGO granulite. The host mafic granulite has a trace element signature and REE pattern comparable with that of E-type
MORB. The chemical abundances of Nb, Ta, La, Ce, Nd, Zr, Hf, Ti, and V in the SGO granulite, except for one sample that records
total element loss, are similar to those of the host mafic granulite; however, in terms of whole-rock element abundances, the former is
relatively enriched in MgO and depleted in CaO, Na2O, MnO, Sr, and Eu. Elements within the SGO granulite that were apparently
unaffected by hydrothermal alterationdV, Y, Zr, and Crdare within the range of values observed in the host mafic granulite. SmeNd
whole-rock isotope systematics suggest that both the host mafic granulite and SGO granulite were metamorphosed atw1.9 Ga, and
the Nd initial ratio is consistent with a MORB source at that time. There is no significant difference in the 3Nd values of the two rock
types, suggesting that they originally belonged to the same protolith. Chemical trends within a narrow zone between the SGO and host
rock granulite suggest that the former was derived from a basaltic precursor of the latter by a process of infiltration metasomatism,
comparable with the chemical exchange that takes place when hydrothermal fluids in present-day oceanic crust pass through vents in
a ‘‘recharge zone.’’ The geological and chemical relations observed in the South Harris rocks are consistent with the following model:
hydrothermally altered oceanic basaltic crust was trapped in an accretionary wedge and subducted, followed by granulite-facies meta-
morphism in a deep continental environment during arcecontinent collision. This is the first report of hydrothermally altered oceanic
crust that was converted to sapphirine-bearing granulite deep in the continental crust.
 2008 Elsevier B.V. and NIPR. All rights reserved.
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Oceanic ridges are the most highly productive sources
of primary juvenile material and mineral resources on
Earth, and were most likely the site of the birth of lifereserved.
88 S. Baba et al. / Polar Science 2 (2008) 87e107on this planet (Chang, 1994; Nisbet, 1986). Such ridges
are the sites atwhich oceanic crust is generated, thereafter
moving away from the ridge toward subduction zones
where new continental crust is formed at the active plate
margin.Suchgeological processes probablyfirst occurred
in the early Archaean (Windley, 1995). Tomographic
imaging indicates that some oceanic material is recycled
into the mantle (Hofmann andWhite, 1982; Kellog et al.,
1999); however, geological data suggest that some are
also incorporated into accretionarywedges and subducted
into the deep continental crust where it resides in high-
grade granuliteegneiss belts (e.g., Park et al., 2001).
Sapphirine is a metamorphic mineral that forms in
deep, high-temperature crust within rocks of distinctive
bulk compositions, in particular those with high
concentrations of Mg and Al (Deer et al., 1978).
High-temperature sapphirine-bearing parageneses
have been intensively studied in East Antarctica, in
particular because they provide useful information on
metamorphic conditions and history (e.g., Napier
complex: Ellis, 1980; Harley, 1986; Rayner complex:
Harley et al., 1990; Motoyoshi et al., 1994; Lu¨tzow-
Holm complex: Motoyoshi and Ishikawa, 1997).
Baba (1999a, 2003) reported several types of sapphi-
rine-bearing rocks from the Lewisian complex in South
Harris, NW Scotland, where ambient metamorphism
took place under ultrahigh-temperature conditions at
>900 C and loads of 13e14 kbar (equivalent to depths
of 45e50 km).These sapphirine-bearing rocks are divided
into the following four types based on their occurrence,
mineral associations, and whole-rock composition:
garnet-orthopyroxene granulite, orthopyroxene-kyanite/
sillimanite granulite, garnet-orthopyroxene-kyanite gran-
ulite, and garnet-kyanite granulite. The four types were
derived from different protoliths and different geological
processes (Baba, 2003). In this paper, we focus on the gar-
net-orthopyroxene granulite, which contains sapphirine as
inclusions in garnet porphyroblasts, suggesting a primary,
pre-metamorphic, high-Mg bulk composition. We report
new insights gained from the garnet-orthopyroxenegranu-
lites regarding the nature of the precursors of the sapphi-
rine-bearing granulites that formed via the hydrothermal
alteration of oceanic crust. All mineral abbreviations
used in this paper are after Kretz (1983).
2. Geological setting and petrology
2.1. Geological outline of the Lewisian complex
in South Harris
The Lewisian complex consists predominantly of
TTG (tonaliteetrondhjemiteegranodiorite) gneissesthat contain numerous enclaves of metamorphosed ma-
ficeultramafic rocks and sedimentaryevolcanic rocks
(Park and Tarney, 1987). Recent geochronological
data indicate that the complex was assembled during
the Palaeoproterozoic by the amalgamation of several
discrete terranes (Friend and Kinny, 2001; Kinny
et al., 2005). On the mainland, these terranes were
the Archaean Rhiconich, Gruinard, and Assynt terranes
and the Palaeoproterozoic Gairloch terrane; in the
Outer Hebrides, amalgamation involved the Archaean
Tarbert and Uist/Barra terranes and the Palaeoprotero-
zoic Roineabhal and Nis terranes.
The Roineabhal terrane, bordered to the north and
south by Archaean gneiss terranes (Fig. 1) contains
high-pressure granulite-facies rocks (the Leverburgh
belt), amphibolite facies rocks (the Langavat belt), and
an intervening Palaeoproterozoic calc-alkaline arc that
includes metamorphosed tonalite, diorite, norite, and
anorthosite (South Harris Igneous complex, SHIC;
Dearnley, 1963). The ages of the sedimentary protoliths
and timing of emplacement of the SHIC remain contro-
versial. Meta-tonalite yields a UePb zircon age of
1.89þ 0.02/0.01 Ga, interpreted as the age of meta-
morphism (Mason et al., 2004). The chemical character-
istics of the SHIC are similar to those of andesitic arcs
(Bridgwater et al., 1997). An anorthosite body adjacent
to the Leverburgh belt yields a whole-rock SmeNd
age of 2.18 0.06 Ga (Cliff et al., 1983) and a UePb
zircon discordant age of 2.49þ 0.31/0.27 Ga (Mason
et al., 2004). The Leverburgh metasediments have
a model SmeNd isochron age of 2.44 Ga (Cliff et al.,
1998); UePb dates for single zircons range from 1.88
to 2.78 Ga (Friend and Kinny, 2001).
The Leverburgh belt consists of pelitic, quartzo-feld-
spathic, and mafic granulites (and minor graphite-rich
schists) that contain numerous lenses of metamor-
phosed maficeultramafic rocks and marble. Three
geological unitsdthe Rodel Series, Chaipaval Pelitic
Series, and Benn Obbe Seriesdhave been proposed
based on lithology, mineral assemblages, and the
geochemistry of mafic rocks (e.g., Baba, 2002). In the
Rodel Series, meta-ultramafic lenses of up to 10 m
across consist of Grt clinopyroxenite, Grt amphibolite,
Grt peridotite (Livingstone, 1967), and Spl-Ol-Cpx
rock. The local occurrence of amphibolite bordered
by quartzite followed by graphitic mica schist is
reminiscent of an ocean plate stratigraphy (basalte
chertemudstone) that has traveled from a ridge to
a trench, as typically observed in many modern accre-
tionary wedges (e.g., Wakita and Metcalfe, 2005).
Baba (1998, 1999a,b) recognized four metamorphic
stages (M1eM4) in the Leverburgh belt that together
Fig. 1. Location map of the Lewisian complex in South Harris, showing the occurrence and sample locations of the sapphirine-garnet-orthopyr-
oxene (SGO) granulite. (a) Simplified geological map of the Lewisian complex in South Harris. 1, Leverburgh belt; 2, Langavat belt; 3, South
Harris Igneous complex; 4, migmatitic felsic gneiss with granite and pegmatite. The star marks the locality of the SGO granulite. (b) Outcrop
sketch of the SGO granulite and host granulite, showing sample locations. Arrows indicate the location of the section shown in (c). (c) Schematic
section showing the lithological features of the outcrop in (b), as well as sample locations.
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M1 represents an ultrahigh-temperature (UHT) event
that occurred during the emplacement of the SHIC at
9e11 kbar and 900e980 C. M2, a subsequent high-
pressure granulite facies event, took place at
w1.88 Ga (Friend and Kinny, 2001) or after the em-
placement of the SHIC at around >1.87e1.84 Ga
(Cliff et al., 1998) atw850e900 C, with pressures in-
creasing to 13e14 kbar. The above metamorphic pro-
cesses and PeT estimates were confirmed by Hollis
et al. (2006). M3 was a retrograde event that involved
decompression under relatively dry conditions, as indi-
cated by the formation of coronas and symplectites of
Opx-Crd, Opx-Pl, and Hc-Crd replacing Grt porphyro-
blasts. M4, also a retrograde event, is characterized by
an alignment of hydrous minerals that modify previous
porphyroblastic assemblages. The whole-rock chemis-
try of the mafic granulites (Grt-CpxOpx-Qtz-Pl) of
the Leverburgh belt, combined with their lithologicalassemblages and structure, is consistent with the pro-
posal that their protoliths formed within an accretion-
ary wedge in the trench of a subduction zone
developed against an oceanic plate (Baba, 1997, 2002).
Garson and Livingstone (1973) first proposed the
existence of oceanic crust in South Harris. In this
model, subduction carried the protolith materials to
deep crustal levels where they were metamorphosed
under high-T/P conditions during arcecontinent colli-
sion. The accumulated data suggest that the South Har-
ris complex formed by a continuous tectonothermal
process involving subduction, magmatism, collision,
exhumation, and uplift accompanied by deformation
(Baba, 1997, 1999b, 2002). Based on UePb zircon
ages obtained from the South Harris complex, White-
house and Bridgewater (2001) proposed the existence
of a major collision-related tectonic boundary in the
Outer Hebridean Isles. Similarly, Friend and Kinny
(2001) proposed that the South Harris complex was
90 S. Baba et al. / Polar Science 2 (2008) 87e107a Proterozoic arc, juxtaposed against an Archaean ter-
rane to the north after 1.65 Ga along a tectonic bound-
ary at LangavateFindsbay.
2.2. Occurrence of sapphirine-bearing
garnet-orthopyroxene granulite
The sapphirine-bearing garnet-orthopyroxene gran-
ulite (SGO granulite; samples 95913-7, 99903-1A,
and 99903-1B; corresponds to ‘‘Grt-Opx granulite’’
in Baba, 2003) occurs in the Rodel Series, which con-
tains a wide variety of meta-mafic lenses, including
Grt-CpxOpx mafic granulite, Grt-amphibolite, and
amphibolite, together with meta-ultramafic rocks, for-
sterite marble, metapelite, and quartzite (Baba, 1997,
2002), all within a matrix of foliated quartzo-feld-
spathic (Grt-Bt, Hbl-Bt) gneiss. As shown in Fig. 1b,
the SGO granulite occurs as a thin (about 20 cm in
width), discontinuous garnetiferous layer in Grt-Cpx-
Opx/Cpx-Opx-bearing mafic granulite that contains
compositional banding defined by modal variations in
Grt, Hbl, Opx, and felsic minerals such as Qtz and
Pl. Local concentrations give rise to coarse-grained
Grt (up to 1 cm across) and Opx-bearing feldspathic
pods. Table 1 summarizes the various mineral associa-
tions of the SGO granulite and its mafic granulite host.
Fig. 2a shows a rock slab that contains the boundary
between the SGO and host mafic granulites (sample
99906-2). The left side of the slab is mainly Opx,
Cpx, Hbl, and Pl (termed the Opx-Cpx domain, essen-
tially corresponding to the host mafic granulite),
whereas the right side consists of Grt, Opx, Bt, and
Crd (termed the Grt-Opx domain, which is similar to
the SGO granulite except that Spr is not abundant).
The boundary is marked by a change in mineralTable 1
Mineral assemblages of the SGO granulite and host mafic granulite
Main constituent minerals Trace minerals
SGO granulite
95913-7 Grt-Opx-Bt**-Crd**-Spr Pl-Spl-Sil-Rt-Ilm-Zrn
99903-1A Grt-Opx-Bt**-Crd**-Spr Pl-Spl-Sil-Crn-Rt
99903-1B Grt-Opx-Bt**-Crd**-Spr Pl-Spl-Rt-Ilm-Zrn
Host mafic granulites
00912-1 Hbl-Cpx-Opx-Pl-Scp Qtz-Ilm-Ap
00912-2 Cpx-Hbl-Grt-Opx*-Pl-Qtz-Scp Ilm-Ap
00912-3 Cpx-Grt-Hbl**-Opx*-Qtz-Pl Ilm-Ap
00912-4 Grt-Cpx-Opx*-Hbl-Bt**-Qtz-Pl Ilm-Ap
00912-5 Cpx-Hbl-Grt-Opx*-Pl-Qtz Ilm-Scp-Ap
Contact (see Figs. 2a and 3)
99906-2A Grt-Opx-Bt**-Crd** Pl-Spr-Rt-Ap
99906-2B Opx-Cpx-Hbl-Pl Qtz-Ilm-Ap
Mineral abbreviations follow Kretz (1983). *As symplectite with Pl,
**as secondary minerals.assemblage, and is transected by a metamorphic folia-
tion defined by secondary Bt and Hbl. The mafic gran-
ulite adjacent to the SGO granulite is devoid of Grt
(Table 1).
The SGO granulite mainly consists of Grt, Bt, Opx,
Spr, and Crd, with minor Pl, Spl, Sil, Crn, Ilm, Rt, and
Zrn. The cores of Grt porphyroblasts contain inclusions
of Spr, Opx, and Bt, and the garnets are partially re-
placed by secondary Crd, Opx-Crd symplectite, and
Bt (Fig. 2b, c). Sapphirine inclusions (up to 0.8 mm
long) occur together with minor Crd, rounded Opx,
Bt, and rare Sil. In places, the Spr inclusions them-
selves include tiny grains of Spl, Crd, and Crn. Ortho-
pyroxene porphyroblasts include Bt and form
intergrowths with Grt. Secondary Bt has replaced the
marginal parts of the resorbed Grt and Opx, defining
a foliation that truncates an earlier weak foliation de-
fined by elongate Grt grains. Secondary Crd and Pl oc-
cur along grain boundaries between Grt and Bt.
The host mafic granulite is similar to other wide-
spreadmafic granulites in the area (Baba, 1998), contain-
ing garnet porphyroblasts replaced by secondary Opx
and Pl coronas and that coexist with Cpx porphyroblasts,
Qtz, and Pl (Fig. 2d). Clinopyroxene is common, and
contains rare inclusions of rounded Opx. The margins
of Cpx crystals are partially replaced by secondary
Hbl. Most hornblende is green and secondary, but prob-
able primary brown Hbl (high TiO2 and Al2O3) is also
present (Fig. 2e). Scapolite with a dusty appearance
has a similar form as that of matrix Pl, and probably
formed by fluid infiltration during retrogression.
3. Mineral chemistry
Chemical analyses of constituent minerals were un-
dertaken using an electron microprobe with a wave-
length-dispersive X-ray analytical system (JEOL
JXA-8800M) at the National Institute of Polar Re-
search, Tokyo, Japan. Operating conditions were an
accelerating voltage of 15 kV and specimen current
of 4e12 nA. Natural minerals and synthetic oxides
were used as standards.
Fig. 3 shows variations in mineral compositions
across the boundary between the host mafic granulite
and the SGO granulite (sample 99906-2, see Fig. 1).
Orthopyroxene XMg increases toward the SGO granu-
lite, whereas the Al2O3 content in Opx and the anor-
thite content of Pl decrease (Fig. 3). An abrupt
compositional change, characterized by the appearance
of Grt and Bt in place of Hbl, occurs across a narrow
zone of about 13 mm wide at the boundary between
the two rock types.
Fig. 2. Photograph of a rock slab of sample 99906-2 and photomicrographs of the SGO granulite and host mafic granulite. (a) Rock slab collected
across the boundary (dashed line; Grt-Opx domain) between host mafic granulite and SGO granulite. White rectangles indicate the areas shown in
Fig. 3. Other figures are photomicrographs of microtextures in the SGO granulite (b and c) and host mafic granulite (d and e). (b) Orthopyroxene
occurs as inclusions in garnet, symplectite, and matrix grains. (c) Sapphirine inclusions in a garnet porphyroblast. (d) Garnet-clinopyroxene-quartz
association replaced by a reaction corona of orthopyroxene and plagioclase (00912-3). (e) Orthopyroxene-clinopyroxene-hornblende association
in host mafic granulite (00912-1). Width of the photomicrographs: (b) to (e) 2.4 mm.
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tions of the SGO granulite and host mafic granulite.
The compositional abundances of Grt (XMg), Opx
(XMg and Al2O3), and Pl (XAn) in the two rocks are
similar to those in the rock slab shown in Fig. 2. The
host mafic granulite contains an association of Grt-
Cpx-Pl (00912-2 to 00912-5), with mineral composi-
tions of Grt XMg (0.33e0.47), Cpx XMg (0.72e0.83),
and Pl XAn (0.27e0.33). There exists no positive cor-
relation between TiO2 in the whole rock and TiO2 in
Hbl, or between Al2O3 in the whole rock and in Hbl
and Cpx. High Al2O3 content (12.41e13.51 wt.%) in
Hbl suggests stability at a temperature above 900 C
(Patin˜o Douce and Beard, 1995) without Hbl-break-
down dehydration melting.
4. Whole-rock chemistry
Here we summarize whole-rock compositional var-
iations within and among the SGO granulites, host
mafic granulites, and two domains from sample
99906-2 (Grt-Opx domain as 99906-2A and Opx-Cpx
domain as 99906-2B; see Figs. 2 & 3). The analyzed
rock specimens (approximately 10 10 3 cm in
size), selected to avoid local coarse-grained patchesand exotic veins, were crushed in an aluminum mill
until fragments were reduced to 2 mm in diameter,
and then reduced to powder in a quartz ball mill. Major
and trace elements were analyzed by XRF at the Na-
tional Institute of Polar Research, Tokyo, Japan, and
rare earth elements (REEs) by ICP-MS at Activation
Laboratories, Canada. The XRF analytical procedure
followed that of Motoyoshi et al. (1996) and Seno
et al. (2002). The ICP-MS detection limits of REEs
are listed in Table 3.
All Sr and Nd isotopic analyses were performed by
static multicollection on a FinniganMAT 262mass spec-
trometer at the University of the Ryukyus, Japan.
87Sr/86Sr and 143Nd/144Nd were normalized to
86Sr/88Sr¼ 0.1194 and 146Nd/144Nd¼ 0.7219, respec-
tively. Repeatedmeasurements of standards yielded aver-
ages of 87Sr/86Sr¼ 0.710237 27 (2 S.D., n¼ 3) for the
NIST SRM987, 143Nd/144Nd¼ 0.511817 12 (2 S.D.,
n¼ 4) for La Jolla, and 143Nd/144Nd¼ 0.512072 10
(2 S.D., n¼ 3) for the GSJ JNdi-1. 87Sr/86Sr and
143Nd/144Nd values for the analyzed samples (Table 4)
were adjusted relative to SRM987¼ 0.71025 and the La
Jolla standard¼ 0.511860, respectively. Total chemistry
blanks were <50 pg for both Sr and Nd, and were negli-
gible for the elements considered in this study.
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Fig. 3. Spatial variations in the compositions of constituent minerals in the rock slab of sample 99906-2. The locations of the photomicrographs
are indicated by the white rectangles in Fig. 2a. The foliation, defined by secondary hornblende and biotite, truncates the irregular boundary
between the host mafic granulite and SGO granulite. An abrupt compositional is recognized in the shaded portions of the transects, including
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Table 2
Mineral compositions of the SGO granulite and host mafic granulite
SGO granulite Host mafic granulites
95913-7 00912-1 00912-2 00912-3 00912-4 00912-5
Garnet n¼ 43 n¼ 12 n¼ 6 n¼ 10 n¼ 10
XMg 0.54 (0.50e0.61) e 0.43 (0.34e0.47) 0.40 (0.35e0.43) 0.40 (0.37e0.42) 0.37 (0.33e0.39)
Xgrs 0.06 (0.04e0.08) e 0.17 (0.16e0.17) 0.18 (0.17e0.20) 0.18 (0.17e0.19) 0.18 (0.17e0.20)
Clinopyroxene n¼ 6 n¼ 6 n¼ 5 n¼ 7 n¼ 14
XMg e 0.78 (0.75e0.80) 0.77 (0.72e0.83) 0.79 (0.77e0.82) 0.78 (0.75e0.80) 0.77 (0.73e0.81)
Al2O3 e 2.46 (1.71e3.71) 4.66 (2.52e5.53) 2.06 (1.64e2.38) 3.93 (2.64e5.26) 3.17 (1.82e5.24)
Orthopyroxene n¼ 27 n¼ 15
XMg 0.78 (0.76e0.79) 0.63 (0.62e0.65) e e e e
Al2O3 4.40 (3.44e5.81) 3.43 (0.99e5.16) e e e e
Plagioclase n¼ 3 n¼ 7 n¼ 3 n¼ 6 n¼ 4 n¼ 8
XAn 0.29 (0.27e0.29) 0.35 (0.34e0.36) 0.33 (0.32e0.33) 0.30 (0.28e0.33) 0.29 (0.29e0.30) 0.29 (0.27e0.30)
Hornblende n¼ 6 n¼ 6 n¼ 4 n¼ 5 n¼ 4
XMg e 0.59 (0.58e0.59) 0.55 (0.53e0.58) 0.57 (0.57e0.58) 0.52 (0.51e0.54) 0.56 (0.54e0.57)
TiO2 e 1.65 (1.52e1.77) 1.89 (1.64e2.06) 1.58 (1.34e1.94) 1.74 (1.69e1.82) 1.66 (1.55e1.83)
Al2O3 e 13.23
(12.49e13.72)
12.82
(12.41e13.40)
13.02
(12.62e13.40)
13.27
(13.21e13.51)
12.74
(12.75e13.21)
Average compositions and ranges are listed. Secondary minerals are not shown.
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Table 3 lists the whole-rock compositions of the
SGO granulites, host mafic granulites, and the two
domains within sample 99906-2. Sample numbers in
Table 3 are the same as those in Fig. 1 and Table 1.
Fig. 4aec shows TieZr variation (Pearce and Cann,
1973), NieTi variation (Ishizuka, 1981) and a
ZreNbeY discrimination diagram (Meschede, 1986)
for the host mafic granulites. Other mafic granulites
in the Rodel Series (Baba, 1997, 2002) are also plotted
for comparison. The compositional abundances of the
host mafic granulite are similar to those of E-type
MORB. The trace element data (Fig. 4c) for all of
the mafic granulites in these diagrams suggest deriva-
tion from a source intermediate between E-type and
N-type MORB.
The major element abundances of samples of the
host mafic granulite differ with sampling site. Samples
00912-4 and 00912-5, collected at a distance
(1.6e2.8 m) from the SGO granulite, have relatively
high FeO* contents and low SiO2, MgO, Ba, and light
rare earth elements (LREEs; La, Ce, Pr, Nd, and Sm)
compared with other mafic granulites. Accordingly,
the host mafic granulite samples are classified into
two groups based on their whole-rock compositions
(e.g., SiO2 content and Mg/Fe ratios) and sampling
site: host mafic granulite A (samples 00912-4 and00912-5) and host mafic granulite B (samples 00912-
1 to 00912-3).
Fig. 5a and b shows compositional variations in the
SGO granulite, host mafic granulites, and two domains
within 99906-2 with reference to the host mafic granu-
lite 00912-5 (i.e., elements that plot along the horizon-
tal line at 1.0 occur at the same concentrations as those
in the host mafic granulite 00912-5). Elements that plot
in the upper and lower fields are enriched and depleted,
respectively, compared with those of the host mafic
granulite 00912-5. Depleted elements are CaO (e
10 wt.%; as maximum values), SiO2 (e5.5 wt.%),
Na2O (e2.5 wt.%), MnO (e0.07 wt.%), and TiO2 (e
0.8 wt.%), although the latter two elements in samples
95913-7 and 99903-1B occur at the same concentra-
tions as those in the host mafic granulite B. Enriched
elements are MgO (þ11 wt.%), Al2O3 (þ3.4 wt.%),
and K2O (þ3.5 wt.%). FeO* also appears to be en-
riched, although some values are less than or similar
to those of the host mafic granulites. For samples col-
lected adjacent to the SGO granulite, several elements
in mafic granulite B and the two rock domains (99906-
2) occur at concentrations intermediate between those
of the host mafic granulite A and SGO granulites.
These compositional data are possibly consistent with
a degree of element removal; thus, samples adjacent
to the SGO granulite tend to have similar compositions
to those of the SGO granulite. This proposal is
Table 3
Whole-rock compositions of the SGO granulite, host mafic granulite, and other mafic granulites in the Rodel Series
SGO granulites Grt-Opx domain Opx-Cpx domain Host mafic granulites
95913-7 99903-1A 99903-1B 99906-2A 99906-2B 00912-1 00912-2 00912-3 00912-4 00912-5
SiO2 40.71 44.38 40.26 47.75 49.77 49.72 48.95 49.26 46.33 45.71
TiO2 0.86 0.43 0.81 0.74 0.78 0.81 0.67 0.72 1.17 1.21
Al2O3 18.01 14.86 17.63 15.67 14.50 15.19 13.64 14.87 14.03 14.60
FeO* 11.38 15.68 15.44 11.63 10.64 10.92 10.76 9.46 13.99 13.62
MnO 0.11 0.16 0.13 0.10 0.12 0.11 0.14 0.12 0.22 0.18
MgO 17.78 18.68 17.26 14.12 10.30 8.18 8.56 9.34 7.06 7.16
CaO 1.00 1.21 1.54 3.03 7.68 9.77 11.73 10.02 11.68 11.09
Na2O 0.37 0.16 0.43 2.58 3.27 2.26 2.35 2.66 2.14 2.78
K2O 4.05 1.81 3.53 2.04 0.84 0.48 0.70 0.71 0.34 0.57
P2O5 0.04 0.01 0.05 0.04 0.05 0.00 0.00 0.00 0.02 0.00
ICP-MS
V (5) 353.0 306.0 331.0 270.0 260.0 283.0 254.0 e 286.0 313.0
Cr (20) 340.0 350.0 350.0 370.0 370.0 320.0 470.0 e 180.0 120.0
Co (1) 74.0 77.0 67.0 62.0 48.0 53.0 57.0 e 58.0 60.0
Ni (20) 200.0 240.0 190.0 170.0 130.0 130.0 130.0 e 130.0 110.0
Rb (1) 199.0 80.0 152.0 92.0 10.0 5.0 5.0 e 2.0 4.0
Sr (2) 9.0 5.0 13.0 73.0 99.0 95.0 133.0 e 118.0 113.0
Y (0.5) 20.0 23.4 20.6 11.2 18.3 19.7 14.4 e 21.6 20.5
Zr (1) 42.0 19.0 35.0 30.0 24.0 25.0 26.0 e 40.0 40.0
Nb (0.2) 2.20 1.00 2.30 1.80 2.00 2.10 2.40 e 2.80 2.50
Ba (3) 271.0 88.0 266.0 274.0 51.0 37.0 46.0 e 46.0 27.0
La (0.05) 3.21 1.18 2.39 4.60 5.37 6.48 4.53 e 3.68 2.76
Ce (0.05) 7.16 2.84 5.42 7.98 13.00 14.50 8.83 e 9.27 7.81
Pr (0.01) 1.03 0.50 0.79 1.02 1.87 1.90 1.19 e 1.43 1.26
Nd (0.05) 6.37 4.14 5.45 5.64 10.10 9.27 5.52 e 7.45 6.62
Sm (0.01) 3.24 3.93 3.54 2.09 3.40 2.82 1.66 e 2.43 2.15
Eu (0.005) 0.56 0.82 0.75 0.86 1.42 1.32 0.80 e 1.08 0.92
Gd (0.01) 5.01 5.03 5.07 2.41 3.95 3.34 2.13 e 3.16 2.85
Tb (0.01) 0.97 1.08 1.00 0.44 0.67 0.58 0.41 e 0.62 0.58
Dy (0.01) 5.31 5.87 5.33 2.52 3.81 3.59 2.70 e 4.01 3.85
Ho (0.01) 0.82 0.96 0.85 0.44 0.69 0.72 0.56 e 0.85 0.80
Er (0.01) 1.97 2.31 2.01 1.19 1.90 2.13 1.70 e 2.51 2.43
Tm (0.005) 0.25 0.28 0.25 0.17 0.27 0.30 0.25 e 0.38 0.37
Yb (0.01) 1.37 1.56 1.32 1.00 1.65 1.87 1.62 e 2.43 2.38
Lu (0.002) 0.15 0.19 0.15 0.12 0.23 0.27 0.23 e 0.36 0.36
Hf (0.1) 1.30 0.60 1.10 0.90 0.90 0.90 0.90 e 1.40 1.40
Ta (0.01) 0.09 0.05 0.14 0.08 0.08 0.13 0.09 e 0.17 0.18
La/Nb 1.46 1.18 1.04 2.56 2.69 3.09 1.89 e 1.31 1.10
* Fe as FeO. Detection limit of ICP-MS is listed in parentheses
94 S. Baba et al. / Polar Science 2 (2008) 87e107especially supported by compositional variations in
K2O, MgO, and CaO within the Grt-Opx and Opx-
Cpx domains.
Fig. 6a presents primitive mantle-normalized pat-
terns for all the analyzed samples. In comparison to
the host mafic granulites, the SGO granulites have a dif-
ferent large ion lithophile (LIL)-enriched (Rb, Ba and
K) pattern, although it is similar from Nb to Y, despite
the huge Sr negative anomaly and Sm and Tb enrich-
ments. Some elements in the SGO granulites representthe highest and lowest values of those measured (e.g.,
99903-1A), but the remainder lies within the composi-
tional range of the host mafic granulite (except for Tb,
Yb, and Lu). The host mafic granulites show similar
patterns to those of E-MORB and N-MORB, except
for depletion in Zr and Hf and enrichment in K.
Chondrite-normalized REE patterns of the SGO and
mafic granulites are shown in Fig. 6b. The Lan/Ybn
ratios of host mafic granulite A (00912-4¼ 1.1 and
00912-5¼ 0.8) are lower than those of host mafic
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95S. Baba et al. / Polar Science 2 (2008) 87e107granulite B (00912-2¼ 2.0 and 00912-1¼ 2.5), sug-
gesting slight REE modification at the outcrop scale.
These flat to slightly LREE-enriched REE patterns are
similar to those observed in E-MORB. The REE pattern
of the SGO granulite is distinct from that of the host
mafic granulites. In contrast with the host mafic granu-
lite A, the SGO granulite is characterized by negative
Ce, Pr, and Eu anomalies, depletion in Tm, Yb, and
Lu, and enrichment in Sm, Gd, Tb, Dy, and Ho. La,
Ce, and Pr abundances in the SGO granulites vary
among samples (without significant loss from Sm to
Lu) despite their occurrence in a narrow layer. The rela-
tionship between compositional abundance and sam-
pling site could not be assessed because all samples
were collected from a single narrow layer. Note that
the Grt-Opx and Opx-Cpx domains from sample
99906-2 show similar patterns, with the latter being
closer to that of host mafic granulite B (00912-1). The
Grt-Opx domain shows a similar pattern to that of
SGO granulites from La to Nd, and to that of the host
granulite B and Opx-Cpx domain from Sm to Lu.
The obtained 87Sr/86Sr and 143Nd/144Nd ratios show
a wide range in variation: samples of host mafic granu-
lite record similar values of 87Sr/86Sr and 143Nd/144Nd,
whereas samples of SGO granulites show an unusually
wide range in values. Fig. 7 shows a 147Sm/144Nd vs.
143Nd/144Nd diagram in which all of the data plot along
a straight line. Three samples of SGO granulite have
high 147Sm/144Nd values relative to those of host mafic
granulite. An isochron calculated using Isoplot/Ex 3
(Ludwing, 2003), including all of the data points, yields
an age of 1910 97 Ma (MSWD¼ 1.9, 2s) with an ini-
tial ratio of 143Nd/144Nd¼ 0.51022.
5. Discussion
5.1. Precursor of the SGO granulite
The origin of Spr-bearing rocks has long been
a topic of study (e.g., Clifford et al., 1981; Herd
et al., 1969; Warren, 1983). Possible protoliths are
summarized as follows: (1) high-Mg metasediments
derived from hydrothermally altered mafic and ultra-
mafic igneous rocks, their weathering products, or
high-Mg clays (Arima and Barnett, 1984; Harley
et al., 1990; Sheraton, 1980; Warren, 1983); (2) meta-
morphic metasomatism (Dunkley et al., 1999; Herd
et al., 1969; Vry and Cartwright, 1994); and (3) restites
formed via partial melting (Clifford et al., 1981).
The SGO layer in this study is not associated with
a significant volume of partial melt and is unlikely to
have originated from restites formed via partial
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96 S. Baba et al. / Polar Science 2 (2008) 87e107melting. Direct contact with a Grt-absent two-
pyroxene lithology (Fig. 2a) implies the absence of
such a partial melt. The pelitic rocks in the South Har-
ris region are typically rich in aluminosilicates and
Grt, generally lack Opx, and are characterized by
high Fe/(Mgþ Fe) whole-rock values. If the SGO
granulite originated via partial melting of a pelitic
lithology, the mineral association would possibly
record an early stage of metamorphism; e.g., inclu-
sions within porphyroblasts would be expected to con-
tain an FeeAl-rich phase such as Sil, St, or Hc, similar
to a pelitic gneiss (Baba, 1998). However, the inclu-
sions in Grt porphyroblasts in the SGO granulite are
Mg-rich phases (e.g., Spr, Opx, and Spl): aluminosili-
cate inclusions are rare. In addition, the possibility that
the SGO layer is a restite derived from the host mafic
granulite is unlikely in light of the results of experi-
mental studies (e.g., Patin˜o Douce and Beard, 1995;
Wolf and Wyllie, 1994).
The formation of high-Mg sapphirine-bearing rocks
has been discussed in the literature in terms of metaso-
matic processes, especially for rocks that contain
abrupt mineral zones or reaction bands. For these
metamorphic processes, there exist two limitingmaterial-transport mechanisms: diffusion metamor-
phism and infiltration metamorphism (e.g., Brady,
1977). The SGO granulite is unlikely to have formed
via a diffusion metasomatic process because it does
not occur as reaction bands between distinct mineral
zones. In addition, the occurrence of abrupt changes
in mineral compositions (see Fig. 3) across a narrow
zone argues against the past development of the mono-
tonic gradients required in the chemical potential of the
diffusing components. The established example of
these metasomatic processes in forming such a high-
Mg rock involved the exchange of Si for Fe and Mg
or Al (Dunkley et al., 1999); in this case, sapphirine-
bearing rocks developed in a zone between an Si-rich
rock and an FeeMg- or Al-rich rock. However, the
South Harris sapphirine-bearing granulite does not
show such lithological relations. Thus, we conclude
that diffusion metasomatism is an unlikely process.
Infiltration metasomatism is more likely to form
a discontinuous sapphirine-bearing layer in a relatively
homogenous host mafic granulite. Such a hydration
process occurs at shallow rather than deep crustal
levels (e.g., Brady, 1977; rocks at shallow levels are
more porous than those in the deep crust), and
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97S. Baba et al. / Polar Science 2 (2008) 87e107hydrothermal alteration in the ocean floor is a plausible
shallow-level process. The fact that the host mafic
granulite has a MORB-like bulk-rock composition
makes it an ideal geochemical precursor for hydrother-
mal metasomatism.
5.2. Degree of similarity to present-day
hydrothermally altered basalts
A mid-ocean ridge is a dynamic environment in
which new oceanic lithosphere is created via intrusive
and extrusive igneous activity. The global ridge system
is the world’s largest continuous volcanic lineament,
and probably existed in the early Earth (Fornari and
Embley, 1995; Windley, 1995). In the newly formed
oceanic crust at a mid-ocean ridge, the convective cir-
culation of seawater gives rise to chemical and isotopic
exchanges between seawater and the oceanic crust, andto mineralization (deposition of metal sulfides) due to
leaching from the oceanic rocks. According to Alt
(1995), the hydrothermal system at a mid-ocean ridge
can be divided into a ‘‘recharge zone,’’ ‘‘reaction
zone,’’ and ‘‘discharge zone.’’ In the recharge zone,
a large volume of seawater enters the crust through
the porous and permeable upper volcanic rocks, and
a small percentage of seawater penetrates deeper into
the sheeted dike complex. The seawater is heated and
reacts as it penetrates downwards, reaching a high tem-
perature of w350 C near the contact between the
sheeted dikes and upper gabbros. A discharge zone oc-
curs where fluids rise upward due to a heating-related
increase in buoyancy. In the course of circulation
within the recharge zone, chemical exchange gives
rise to Mg fixation from seawater and the loss of alkalis
and Ca to seawater (Alt, 1995). The results of experi-
ments involving seawaterebasalt interaction at up to
b1.0
10.0
100.0
S
a
m
p
l
e
 
/
 
c
h
o
n
d
r
i
t
e
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Lu
0.1
1.0
10.0
100.0
1000.0
Rb Ba Nb K La Ce Sr Nd ZrSm Eu TiHf Y Yb
S
a
m
p
l
e
 
/
 
m
a
n
t
l
e
a
Host mafic granulite A
Host mafic granulite B
SGO granulite
95913-7
99903-1A
99903-1B
00912-1
00912-2
00912-5
00912-4
99906-2A
(Grt-Opx domain)
99906-2B
(Opx-Cpx domain)
Ta Tb
OIB
E-MORB
N-MORB
E-MORB
N-MORB
Fig. 6. Trace element and REE concentrations in the SGO granulite and host mafic granulite. (a) Primitive mantle-normalized spider patterns. (b)
Chondrite-normalized REE patterns. OIB: ocean-island basalt. Normalization factors from Sun and McDonough (1989).
98 S. Baba et al. / Polar Science 2 (2008) 87e107500e600 C and 800e1000 bars demonstrate the rapid
removal of almost all available Mg in seawater by the
formation ofMg-rich smectite in altered basalts (Hajash,
1975, 1984). Therefore, hydrothermal alteration in therecharge zone can be considered identical to the process
of infiltration metasomatism.
Fig. 5c shows a compositional plot of modern hy-
drothermally altered pillow breccias (including altered
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99S. Baba et al. / Polar Science 2 (2008) 87e107basalt) and chloritized (Chl) basalt breccias relative to
fresh basalts; all samples were collected from the
Trans-Atlantic Geotraverse (TAG) hydrothermal field.
Among the altered pillow breccias, removal (SiO2,
CaO, Na2O, MnO, and K2O) and fixation (Al2O3,
MgO, FeO*, and TiO2) between the rocks can be
clearly distinguished. The Chl basalt breccia shows
a similar removal and fixation relative to the altered
pillow breccia of CaO, FeO*, Na2O, MnO, and K2O,
but a contrasting removal of TiO2. Other elements
show a wide compositional range.
The trace element abundances of hydrothermally al-
tered rocks from the TAG are plotted in Fig. 8a; N-
MORB-like distribution patterns are recognized
throughout. The elemental abundances of Chl basalt
breccias are lower than those of altered pillow breccias,
although distinctive negative Sr anomalies are clearly
observed in all altered samples. The dispersion of
LIL elements (Rb, Ba, and K) is common in the Chl
basalt breccia and altered pillow breccia. The Chl ba-
salt breccia shows a notable wide dispersion of Nb.
Slight negative Eu anomalies are recognized only in
the Chl basalt breccia.
Fig. 8b shows a REE multi-element plot of hydro-
thermally altered TAG basalts. The REE patterns of
all samples are approximately flat (Lan/Ybn¼ 0.5e
0.8), but pronounced negative Pr and Eu anomalies
are observed in the Chl basalt breccias. Both Chl basalt
breccias show depleted REE patterns compared with
the altered pillow breccia. The total REE loss is con-
trary to the result predicted by hydrothermal experi-
ments (e.g., Mottl, 1983), and appears to correlate
with silicification (50.07 and 35.88 wt.% of SiO2:
four samples of Chl basalt breccias and altered pillowbreccia in Fig. 5c). However, the SiO2 contents of the
SGO granulites and host mafic granulites analyzed in
this study range from 40.26 to 49.72 wt.%, a narrow
range compared with that of present-day hydrothermal
rocks from the TAG (50.07e35.88 wt.%). Therefore,
silicification possibly has no significant effect on the
dilution of the REEs and trace elements (Ti and Zr).
In the following discussion, we focus on REE varia-
tions rather than total REE abundances.
5.3. Comparison of SGO granulites with present-day
hydrothermal rocks
The removal and fixation of CaO, MgO, MnO, and
Na2O (but not K2O) observed between the SGO gran-
ulite and host mafic granulite A (Fig. 5a) are similar to
those between modern hydrothermally altered pillow
breccia and fresh basalt (Fig. 5c). The mantle-normal-
ized spider pattern of the SGO granulites largely re-
sembles that of the host mafic granulite, except for
enrichment in LIL elements, Tb, and Sm, and depletion
in Sr. The total element loss observed in SGO granulite
(99903-1A) is identical to that of the Chl basalt
breccias.
Humphris and Thompson (1978) reported that V, Y,
Zr, and Cr do not appear to be affected by hydrothermal
alteration. Fig. 9a and b shows trace element abun-
dances in terms of the same criteria as those presented
in Fig. 5a and b. Co, Y, Nb, V, and Zr contents in the
SGO granulite are largely similar to those of the host
mafic granulites, except for Nb and Zr in sample
99903-1A. Fig. 9c also shows the same element varia-
tions of present-day hydrothermally altered rocks,
which show a wider compositional variation than that
of the SGO granulite versus host mafic granulites.
Therefore, based on the compositional range observed
in Fig. 9c, we conclude that the SGO granulites and
host mafic granulite have the same element abundances
of Y, Nb, V, and Zr. As a whole, the Cr contents in the
SGO granulites are within the range between host mafic
granulites A and B, similar to that of mafic granulite B.
Co contents also follow the same range of values.
The SGO granulite differs from the host mafic gran-
ulites and present-day TAG altered rocks in terms of
the following properties: unusual REE pattern
(Fig. 6b); negative Eu, Ce, and Pr anomalies; depletion
in Tm, Yb, and Lu; and enrichment in Sm, Gd, Tb, Dy,
and Ho. The enrichment in middle rare earth elements
(MREEs) could have resulted from the ‘‘Gd-Ho third
tetrad effect,’’ which has been reported from both mag-
matic rocks and precipitates from hydrothermal fluids
(Bau, 1996; Irber, 1999).
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100 S. Baba et al. / Polar Science 2 (2008) 87e107The shape of the LREE (LaeNd) part of the chon-
drite-normalized patterns of the SGO granulites is also
a remarkable feature, appearing to represent a W-type
lanthanide tetrad effect (Masuda et al., 1987). A typical
W-type tetrad effect is observed in present-day seawa-
ter, but it is distinct in having a strongly negative Ce
anomaly (e.g., Kawabe et al., 1998; see Fig. 10).Significantly, some hydrothermal fluids from the
Mid-Atlantic Ridge also exhibit a slightly concave
pattern for LaeNd.
The patterns of the SGO granulite broadly resemble
(except for the Eu and YbeLu relative abundances)
those of carbonate materials that infill cavities (carbon-
ate inclusions) within w3.4 Ga pillow lavas from the
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2004). As shown in Fig. 10, the carbonate inclusions
within the pillows are strongly enriched in MREEs. Ya-
mamoto et al. (2004) attributed this enrichment to the
equilibration of carbonate with the host pillow basalt
duringw2.5 Ga metasomatism associated with a wide-
spread low-grade thermal event. However, it remains
unknown how these carbonate inclusions formed (pre-
cipitated from metasomatic fluids?) and the exact
process responsible for the observed enrichment in
MREEs.
Because a concave pattern for the LaeNd elements
is reported from fluid-related products, we infer that
the concave LaeNd pattern in the SGO granulites
stemmed from a fluid-related reaction prior to high-
grade metamorphism. The HREE depletion pattern in
the SGO granulites is incomprehensible, despite the
fact that these rocks are mainly composed of Grt and
Opx, generally regarded as bearers of such HREEs(e.g., single-grain REE analyses for Grt and Opx;
Clarke et al., 2007). Therefore, the depletion of HREEs
relative to MREEs in Grt- and Opx-rich rock (see
Fig. 2) may be related to the composition of the proto-
lith. A plausible explanation for the loss of HREEs is
the extraction of these elements via the formation of
a REEecarbonate complex (Kawabe et al., 1999) dur-
ing the penetration of seawater into oceanic crust
within a recharge zone. We believe that the modifica-
tion of REE concentrations in the SGO granulites
may have resulted from such a hydrothermal fluid.
The SmeNd whole-rock isochron age of 1910 97
for SGO granulites and host mafic granulites is within
error of the peak metamorphic age of 1.87e1.89 Ga ob-
tained from the Rodel region (SmeNdmineral isochron
age, Cliff et al., 1983; UePb zircon ages, Friend and
Kinny, 2001; Mason et al., 2004), but younger than the
estimated crystallization age (2.54 and 2.14 Ga) of the
mafic/ultramafic probable protoliths of the granulites
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Cliff et al., 1998). Thus, we interpret the calculated
SmeNd whole-rock isochron age as representing the
timing of peak metamorphism. The calculated initial
ratio (0.51022 at 1.9 Ga; 3Nd(1.9 Ga)¼ 0.8) is within
the range of the inferred isotopic composition of
MORB at that time (e.g., 143Nd/144Nd(2 Ga)¼ 0.5100to 0.5104; see the compilation in Table A.1. of Stracke
et al., 2003).
The initial 87Sr/86Sr (1.9 Ga) ratios of the analyzed
samples are highly variable (0.62863e1.02213), possi-
bly due to the open-system behavior of Rb and Sr
during (1) hydrothermal alteration in a recharge zone
(Sr-loss) and (2) retrograde metamorphism (M4)
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LIL elements). Interaction between fresh MORB and
hydrothermal fluids generally results in altered
MORB with high (and variable) Sr concentrations
but largely unchanged Nd isotopic ratios relative to
those of fresh MORB (Faure, 1986). An increase in
87Sr/86Sr ratio has been reported from a present-day
hydrothermal field (e.g., Alt, 1995). Our data indicate
that part of the SGO granulite had 3Nd(1.9 Ga) (e1.2
to 4.1) within the range of the host mafic granulites
(e1.3 to 3.9). This is compatible with the view that
the SGO granulite layer originally formed under condi-
tions similar to those of hydrothermal (mostly seawa-
ter) circulation that operates on modern-day seafloor.
The above compositional features suggest that the
SGO granulites were originally derived from the host
mafic granulite. Our geochemical data support the
idea that these rocks resulted from a process of chem-
ical exchange due to hydrothermal alteration, as in the
recharge zone of present-day hydrothermal alteration
systems. Depletion of Sr and Eu in the SGO granulites
compared with that of the host mafic granulite is iden-
tical to the depletion of Sr and Eu leached from basalt
in a hydrothermal alteration system (Humphris and
Thompson, 1978).
5.4. Comparison with ancient hydrothermally
altered rocks
The unusual REE pattern of the SGO granulite is
a distinctive characteristic, but it differs from that of
present-day TAG hydrothermal systems. However, it
is consistent with the suggestion of Wood and Wil-
liams-Jones (1994) that ancient analogues of modern
seafloor hydrothermal-vent fluids could not have trans-
ported REEs in the quantities required to explain the
extent of the REE mobility observed in alteration zones
associated with massive sulfide deposits.
Fig. 10 shows several examples of the REE patterns
of rocks associated with the hydrothermal alteration of
a variety of sulfide deposits. A slight enrichment in Nd,
Sm, Gd, Tb, and Dy (including other HREEs) and
a negative Eu anomaly have been reported from the
outer part of a Chl-rich, zoned, altered ferrobasalt in
the Galapagos Fossil Hydrothermal field (Ridley
et al., 1994). The pattern is strongly similar to that of
the REE pattern of a chloritite (Kerrich et al., 1987),
except for LREEs. Windrim et al. (1984) reported sev-
eral REE patterns of Spr-bearing granulites and related
rocks in the Arunta block, central Australia (samples
SARI, MM14, and 367 in Fig. 10), which they consid-
ered to have formed by hydrothermal alteration prior togranulite-facies metamorphism, with possible Chl-rich
protoliths. The REE pattern of the SGO granulite re-
sembles that of SARI. A negative Eu anomaly is com-
mon to all samples, and a slight negative Pr anomaly in
SGO granulite is also observed in altered Galapagos
basalt. Despite the different protoliths and metamor-
phic processes, the above data support the proposal
that the protolith of the SGO granulite was influenced
by hydrothermal alteration. A Chl-rich vein formed by
the interaction of seawater and oceanic basalt is a po-
tential protolith of the SGO granulite.
5.5. Hydrothermal origin of other sapphirine-bearing
rocks
Based on oxygen and hydrogen isotope ratios, Peck
and Valley (1996) proposed that Spr-bearing Al- and
Mg-rich mineral assemblages exposed in a thin zone
between the Fiskenaesset anorthosite and overlying
rocks in Greenland were the products of hydrothermal
alteration by seawater at the time of shallow emplace-
ment of the anorthosite into oceanic crust. Although
the specific geological features of the Fiskenaesset
rocks are different from those in South Harris, the con-
cept of the formation of these comparable Spr-bearing,
high-Mg rocks by hydrothermal alteration processes in
an oceanic environment is essentially similar to the
model favored for the South Harris rocks. Unfortu-
nately, the application of oxygen and hydrogen isotope
analyses to the SGO granulite in South Harris would
yield equivocal results in this regard, because multiple
geologic events (hydrothermal alteration, subduction,
accretion, and prograde and retrograde metamorphism
involving late-stage deformation accompanying the
formation of hydrous minerals) would have modified
the isotope ratios. Fujimoto et al. (2002) interpreted
modifications of the oxygen-isotope ratio from a de-
formed granodiorite in terms of watererock interac-
tion. An advanced, high-resolution single-mineral
oxygen-isotope analysis of, for example, the tiny inclu-
sions in the porphyroblasts observed in this study,
which are expected to retain primary isotope ratios,
is required to resolve these problems.
Sapphirine-bearing assemblages accompany strata-
bound sulfide deposits in Custer County, Colorado,
USA (Raymond et al., 1980) and central Australia
(Stewart and Warren, 1977; Warren and Hensen,
1987; Windrim et al., 1984). The metamorphosed stra-
tabound lithologies include marble, para-amphibolite,
and quartzite. Similar stratabound deposits are known
to have formed by hydrothermal processes upon the
modern ocean floor (e.g., Fouquet et al., 1996;
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ated marble and quartzite formed as chemical precipi-
tates (e.g., carbonate chimneys) in discharge zones
within the sulfide deposits. Similarly, with regard to
magnetiteepyrite lenses in South Harris (Dearnley,
1963), pure marble and quartzite that occur with mafic
granulites in the Rodel Series may represent deposits
that formed in a hydrothermal vent upon an ancient
ocean floor. We suggest that the marble formed in a car-
bonate chimney and that the quartzite was chemically
deposited as chert in association with sulfides in a man-
ner similar to that in Archaean hydrothermal sulfide
vents (e.g., Li et al., 2004; Paris et al., 1985; Rasmus-
sen, 2000; Sugitani, 1992; Vearncombe et al., 1995).
Additional geochemical data that identify the diagnos-
tic compositions of associated rocks related to this
problem will be published by the authors in a
subsequent paper.
Volcanic massive sulfides formed in hydrothermal
vents within oceanic crust during the early and late Ar-
chaean (e.g., Li et al., 2004; Paris et al., 1985; Rasmus-
sen, 2000; Sugitani, 1992; Vearncombe et al., 1995).
Therefore, at the time that the South Harris rocks formed
in Palaeoproterozoic oceanic crust, processes of hydro-
thermal alteration similar to those observed in the
present-day ocean floor were well advanced. Quartz-
deficient Spr-bearing rocks have been reported world-
wide, including East Antarctica (e.g., Droop and
Bucher-Numinen, 1984; Harley et al., 1990; Raith
et al., 1997; Sheraton, 1980; Warren, 1983). Some of
these rocks were probably derived from similar altered
mafic oceanic rocks under hydrothermal conditions,
and their geochemical characteristics, reflecting their
original tectonic setting, may reveal the origin of rocks
that now reside in the deep continental crust.
6. Concluding remarks
We analyzed a sapphirine-bearing garnet-orthopyr-
oxene (SGO) granulite that occurs as a discontinuous
layer in mafic granulite in South Harris, Scotland.
The SGO granulite was originally part of the host
mafic granulite, but underwent chemical exchange
due to hydrothermal alteration, as in the recharge
zone of a present-day hydrothermal alteration system.
The plausibility of this process is indicated by the fol-
lowing points.
(1) The occurrence and mineral associations of the an-
alyzed rocks are inconsistent with an origin by
partial melting. In addition, variations in the compo-
sitions of the constituent minerals are inconsistentwith established metasomatic processes in terms
of the formation of the Spr-bearing assemblage.
(2) Major element variations (except for K2O) within
the SGO granulite and the host mafic granulite
are similar to those observed in present-day hydro-
thermally altered pillow breccias.
(3) The trace element abundances and patterns of the
SGO granulite resemble those of the host mafic
granulite with regard to Nb, Ta, La Ce, Nd, Zr, Hf,
Ti, and Y. The concentrations of elements appar-
ently unaffected by hydrothermal alterationdV, Y,
Zr, and Crdare within the range of values observed
in the host mafic granulite. A negative Sr anomaly is
also commonly observed in present-day hydrother-
mally altered basalt, and Eu and Pr anomalies
correlate with those of chl basalt breccias.
(4) The calculated Nd initial ratio (0.51022 at 1.9 Ga;
3Nd(1.9 Ga)¼ 0.8) is within the range of the inferred
isotopic composition of a MORB source at that
time. The SGO granulite has a value of
3Nd(1.9 Ga) (e1.2 to 4.1) within the range of the
host mafic granulites (e1.3 to 3.9).
(5) The unusual REE pattern of the SGO granulite
differs from that of present-day hydrothermally al-
tered rocks, although it does resemble that of an-
cient hydrothermally altered rocks described from
central Australia.Acknowledgments
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